Introduction
HIV-1 infection remains a major public health problem that affects more than 35 million people in the world and more than 1.2 million people in the United States. The currently used combined antiretroviral therapy (cART) has been successful in prolonging the lives of many AIDS patients because of effective suppression on the viral replication/production in HIV-1-infected cells. However, the cART cannot eliminate the integrated and transcriptionally silent HIV-1 provirus in latently infected cells. HIV-1 resurgence after cARTwithdrawal remains a main obstacle to a permanent or 'sterile' cure for HIV-1/ AIDS patients. Thus, novel strategies are urgently needed to eradicate the integrated proviral DNA in HIV-1 latent reservoir. Two promising strategies have been developed: proviral genome eradication [1] and latency-reversal/ elimination in HIV-1 latent reservoir cells [2] [3] [4] [5] [6] . The challenge of HIV-1 genome eradication is the ability of HIV-1 to insert its proviral DNA into host cellular genome in a nonspecific fashion, which prohibits the use of the integration site-specific knockout. Another challenge is the rapid emergence of mutations in HIV-1 genome, particularly in the envelope gene, among different cells in the same individuals or among different individuals with the same strain of HIV-1 infection. Nevertheless, the relatively high level of homology and conserved sequences within the viral long terminal repeats (LTR), an essential feature for HIV-1 replication at both ends of HIV-1 genome, and structural regions, such as Gag and Pol, allows a great opportunity to remove the entire HIV-1 proviral DNA. For example, engineered loxLTR site has been developed for Tre-mediated eradication of HIV-1 proviral genome [7] [8] [9] .
Several novel systems for eradicating endogenous genes have been developed recently, including homing endonucleases, zinc finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN) and CRISPRassociated system 9 (Cas9) nucleases [10] [11] [12] [13] [14] [15] . These genome editing technologies utilize site-specific doublestrand DNA break (DSB)-mediated DNA repair machinery to enable genetic studies including targeted gene deletion, insertion or modification. The feasibility of genetically excising the integrated HIV-1 provirus using homing endonucleases to target the conserved viral protein sequences has been reported [16] . ZFNs targeting HIV-1 host coreceptor CCR5 gene have entered phase 2 clinical trials for the treatment of HIV/AIDS [17] [18] [19] . TALEN has been experimentally shown to effectively cleave CCR5 at the expected site [20, 21] . The novel and versatile Cas9 technology has also been used to disrupt HIV-1 entry coreceptors, for example CCR5 and CXCR4, and proviral structural proteins [20, 22, 23] . Genome editing at HIV-1 entry levels remains a promising therapeutic tool to prevent new HIV-1 infection through stem cell transplantation. However, it cannot eliminate the integrated HIV-1 genome, and CCR5 is not the sole receptor for HIV-1 infection and has many other cellular functions as well [20] . The highly conserved HIV-1 LTR has been targeted by ZFN and TALEN for the eradication of the integrated HIV-1 genome [24] [25] [26] . The major drawbacks for ZFNs and TALENs are the tedious engineering of custom DNA-binding fusion proteins for each target site, which limit their universal application and clinical safety [27] [28] [29] [30] . In contrast, the novel RNA-guided Cas9 biotechnology has been developing rapidly because of its simplicity, specificity and versatility [10] [11] [12] [13] [14] [15] . We previously reported that stable transfection of human cell cultures with plasmids expressing Streptococcus pyogenes Cas9 (SpCas9) and HIV-1 guide RNAs (gRNAs) targeting four sites of HIV-1 LTR successfully eradicated part and/or the entire HIV-1 genome without compromising host cell function and preexistence of SpCas9/LTR-gRNAs in cells prevented new HIV-1 infection [1] . Our finding was supported by several recent reports [31] [32] [33] . The aims of this study were to screen best gRNAs targeting conserved HIV-1 regulatory and structural regions and optimize a cocktail of gRNAs that efficiently eradicate HIV-1 genome.
Materials and methods
Bioinformatics design of guide RNAs with high efficiency and low off-target effects We utilized the Broad Institute gRNA designer tool for highly effective gRNA design (http://www.broadinstitute.org/rnai/public/analysis-tools/gRNA-design) and MIT's CRISPR Design for the off-target prediction (http://CRISPR.mit.edu).
Plasmids and cloning of guide RNA expression vectors
The lentiviral vector (LV) pLV-EF1a-SpCas9-T2A-RFP was obtained from Biosettia Inc (San Diego, California). The pNL4-3-firefly-luciferase was first constructed by inserting the eLuc reporter gene and P2A sequence with 5 0 end of Nef sequence, which was PCR amplified using fusion PCR approach, into the unique XhoI digestion site in the 5 0 region of the Nef of the pHIV-NL4.3 molecular clone. The pNL4-3-EcoHIV-firefly-luciferase (eLuc) vector (Fig. 1a) was then generated by replacing the coding region of gp120 Env with the ecotropic gp80 from pHCMV-EcoEnv (Addgene plasmid 15802, a gift from Dr Miguel Sena-Esteves) [34] . A pair of oligonucleotides for each targeting site with 5 0 -CACC and 3 0 -AAAC overhang (Table 1) was obtained from AlphaDNA (Montreal, Canada). The target seed sequence was cloned via modified BbsI sites into pKLV-WG-U6(BbsI)-gRNA-PKG-Puro-2A-BFP LV (Fig. 1b) derived from pKLV-gRNA(BbsI)-Puro-2A-BFP LV (Addgene 50946) [35] . The LV was digested with BbsI, treated with Antarctic Phosphatase, and purified with a Quick nucleotide removal kit (Qiagen, Valencia, California, USA). An equal amount of complementary oligonucleotide was mixed in T4 polynucleotide kinase (PNK) buffer for annealing. These annealed seed pairs were phosphorylated with T4 PNK and ligated into the BbsIdigested LV using T4 ligase. The ligation mixture was transformed into Stabl3-competent cells. Positive clones were identified by PCR screening and verified by Sanger sequencing.
Cell culture, transient transfection and dual luciferase reporter assay The HEK293T cells were cultured in high-glucose DMEM containing 10% FBS and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin) in a humidified atmosphere with 5% CO 2 at 378C. All cells were verified being free of mycoplasma contamination. For dual luciferase reporter assay, cells were cultured in a 96-well plate (1 Â 10 4 cells/well) and transfected with indicated plasmids by the standard calcium phosphate precipitation. After 2 days, the culture medium was collected for renilla luciferase assay (Promega, Madison, Wisconsin, USA), and the cell lysate was prepared for the ONE-Glo eLuc assay (Promega). The luminescence was measured in a 2104 EnVision Multilabel Reader (PerkinElmer, Waltham, Massachusetts, USA).
Terra direct-PCR genotyping Cells were seeded in a 96-well plate and transfected with indicated vectors. After 2 days, the medium was removed, and the cells were treated with 22.5 ml of 50 mmol/l NaOH per well and incubate for 10 min at 958C. After neutralization with 2.5 ml of 1 mol/l Tris-HCl (pH 8.0), 0.5 ml of the DNA extract was used in a 10 ml PCR reaction using the Terra Direct PCR Polymerase Mix (Clontech, Mountain View, CA, USA) and the indicated primers. After denaturation at 988C for 3 min, two steps of standard PCR were carried out for 35 cycles with annealing/extension at 688C for 1 min/kb and final extension at 688C for 10 min. The PCR products were resolved in a 2% agarose gel. The gel images were collected and analyzed.
Thymine-adenine-cloning and Sanger sequencing The bands of interest were gel-purified and directly cloned into the pCRII T A vector (Invitrogen, Waltham, Massachusetts, USA), and the nucleotide sequence of individual clones was determined by sequencing at Genewiz using universal T7 and/or SP6 primers.
Statistical analysis
The quantitative data represented mean AE standard error from three to six independent experiments and were evaluated by Student's t test. A P value that is less than 0.05 or 0.01 was considered as a statistically significant difference.
Results
Bioinformatics screening of gRNAs with high efficiency and low off-target The efficiency and specificity of target gRNAs are critical concerns for Cas9/gRNA application in infectious diseases. Several computing programs have been developed for the design and selection of gRNAs for the SpCas9-gRNA system, wherein the 20 bp seed sequence and NRG protospacer adjacent motif (PAM) were used. Although most of the gRNA design programs were developed to predict off-target effects, very few programs were able to predict cleaving efficiency. We designed 20 gRNAs targeting the HIV-1 LTR with a high score of cleaving efficiency and specificity against the human genome (Table 1) , utilizing the following criteria: first, targeting from À18 to À418 bp region of LTR-U3 promoter to disrupt HIV-1 initial transcription (and suppress virus production), and this 400 bp region is precluded in most LVs, thus avoiding LV self-cleavage; second, avoiding transcription factor binding sites that may affect the expression of host cellular genes because of high homology (Fig. 1b) ; third, matching both end LTRs to enable elimination of entire proviral DNA between LTRs; fourth, off-target score at more than 50%; and fifth, applicability to the double SpCas9 nickase or dimeric RNA-guided FokI nucleases. We also designed a few gRNAs targeting the structural region Gag and Pol ( Fig. 1b) with a hope of obtaining the best combination of gRNAs to eradicate HIV-1 entire genome. The Env structural region was not selected because of lower conservation in this structural sequence between different strains. We chose LV gene delivery system separately expressing SpCas9 and gRNA ( Fig. 1c) for the following reasons: first, LV itself provides many benefits for high-efficient gene therapy in hardto-transfect HIV-latent cell lines, animal studies and potential clinical application (integration-free LV) [36, 37] ; second, the separate SpCas9 LV ensures good packaging efficiency for the large size of SpCas9 gene; aaacTTGTGTGCTGGTACCCATGC  PCR  T422  caccGCTTTATTGAGGCTTAAGCAG  T425  aaacGAGTCACACAACAGACGGGC  T645  TGGAATGCAGTGGCGCGATCTTGGC  T477  CACAGCATCAAGAAGAACCTGAT  T478  TGAAGATCTCTTGCAGATAGCAG third, separate gRNA expressing LV can be used for cloning multiplex gRNA expressing cassettes into one vector for good packaging efficiency.
Functional screening in HEK293T cells to identify effective guide RNAs
For a rapid functional screening of the best targets, we performed EcoHIV-eLuc reporter assay using a highthroughput Envision multiple plate reader. The EcoHIVeLuc reporter was selected because first, it contains all the components needed for HIV-1 replication except for the HIV Env; second, convenient to be handled at biosafety level II containers because of Env deletion; and third, bioluminescence is more sensitive than fluorescence, and the eLuc reporter can be used to detect less than 10 single cells [38] . We chose the HEK293T cell line because of the high transfection efficiency with the cost-effective calcium phosphate precipitation method. With singlegRNA transfection, we found that most gRNAs targeting the LTR promoter, and the structural region could only result in marginal reduction of EcoHIV proviral reporter production but some increased the promoter activities or had no effect ( Fig. 2a and b) . The increase in promoter activity is consistent with a recent report that SpCas9/ gRNA-induced DSB within the promoter of neuronal early response genes stimulates their expression [39] .
A single gRNA is expected to induce a single cut of the target sites, generating InDel mutations in the targeted regions and/or the deletion of the entire proviral DNA between both end LTRs. The mutation in the promoter may affect the functional activities of transcriptional activators and/or repressors, which may lead to an increase or decrease in the transcriptional activity. Mutation in the structural region may result in the shift of the open-reading frame of the HIV-1 structural proteins and thus decrease the expression of eLuc reporter.
To obtain more reliable and sensitive screening of the effective gRNAs for functional cleavage, we cotransfected the paired gRNAs: each LTR gRNA versus one of the gRNAs targeting the structural region. With this strategy, we expect to observe more dramatic reduction of reporter virus because of a large fragment deletion between either 5 0 or 3 0 LTR and the structural region. As an example shown in Fig. 2c , all combinations between GagD and any one of LTR-gRNAs reduced the eLuc expression significantly (64-96%), which is more robust than using a single gRNA. Half of LTR-gRNAs (10/20) showed >90% reduction in eLuc activity. Similarly, as another example shown in Fig. 2d , LTR-R gRNA paired with any one of GagA-D or PolA-B significantly reduced luciferase reporter activity to 7-23%. Selection of GagD or LTR-R for the pairing was also based on their PAM site applicable to Staphylococcus aureus Cas9 system and their targeting sites applicable to HIV-1 latent cell lines [40] and Tg26 transgenic mice [41] , wherein the partial Gag and entire Pol sequences were deleted. These data suggested that a combination of LTRgRNA with structural gRNAs provided a better and easier strategy to screen the effective gRNAs using high-throughput HIV-1 eLuc reporter assay. All the designed gRNAs are functional to reduce the expression of EcoHIV-eLuc reporter, which is consistent with the high score of the efficiency prediction by the bioinformatics analysis.
Identification of effective guide RNAs using direct-PCR genotyping
To validate whether these candidate gRNAs are functional to cleave the appropriate targets as designed, we performed Direct-PCR genotyping analysis using the DNA samples with the paired gRNAs and corresponding PCR primers as indicated (Fig. 3a) . The Direct-PCR approach does not require DNA extraction and purification and is thus more convenient for genotype screening. When one of the gRNAs targeting structural regions was used to pair with LTR targeting sites, PCR genotyping apparently generated new fragments (designated deletion for convenient description) derived from the remaining (residual) viral LTR and Gag sequence after the deletion of fragments between 5 0 LTR and Gag 0 LTR was detected. The band density of wild-type deletion and insertion was quantified with NIH ImageJ program. The number under the gel indicates wild-type band change (%) related to the empty gRNA control after normalization with Cas9 PCR product using Cas9-specific primers T477/T478, as well as fold changes in the insertion and deletion bands compared with wildtype band. The dramatic changes induced by corresponding gRNA were highlighted as red. The red boxes indicate the selected samples for TA-cloning and Sanger sequencing. (Fig. 3b, primer T361/T458) . Consistent with the eLuc reporter assay, almost all the gRNAs induced various degrees of reduction in the wild-type band that can be easily amplified by the standard PCR condition on the 5 0 -LTR/Gag because of the size (1.3 kb). After cleavage, various degrees of deletion as designed were detected in most combinations (Fig. 3b) . Significantly, additional fragments (designated Insertion) larger than the predicted deletion were observed in most combinations on the 5 0 -LTR/Gag cleavage (Fig. 3b) . Quantification of wild-type band intensity showed that LTR-O possesses the highest efficacy, followed by I, C, A as shown in highlighted red (Fig. 3b) . This wild-type band cleaving efficiency pattern was not completely correlated with the reduction pattern of eLuc reporter activity (Fig. 2c) , likely because the amplification of PCR product in a mix population usually prefers the small size product. On the other hand, weak reduction of the wild-type band in some pairs might result from various degrees of small InDel mutations (within a few nucleotides) within the gRNA target sites without any fragmental deletion or insertion. To avoid the potential influence of the PCR preferential amplification, we performed PCR genotyping using primers covering 3 0 -LTR and Gag ( Fig. 3c; Fig. S1 , http:// links.lww.com/QAD/A896), which is predicted to generate 7 kb wild-type PCR product that is unlikely to be amplified by the PCR setting used. The fragmental deletion pattern among the gRNAs detected by the single-PCR product ( Fig. 3c; Fig. S1 , http://links.lww.-com/QAD/A896) was consistent with that revealed by the relative ratio changes (Fig. 3b) . The pair of LTR-K and GagD exhibited no deletion or insertion fragmental band in all the four sets of PCR genotyping reactions ( Fig. 3b and c; Fig. S1A and B, http://links.lww.com/ QAD/A896), correlating to only 7% reduction in the wild-type band (Fig. 3b) . The pair of LTR-F versus GagD showed weak deletion band in one set of PCR reaction (Fig. S1A , http://links.lww.com/QAD/A896), correlating to 17% reduction in the wild-type band (Fig. 3b) . The pairs of LTR-G, P versus GagD showed around 50% reduction in the wild-type bands, resulting from the deletion in either 5 0 -LTR/Gag (Fig. 3b) or Gag-3 0 -LTR cleavage ( Fig. 3c; Fig. S1A and B, http://links.lww.com/ QAD/A896). When the LTR-R was used to pair with any one of GagA-D and PolA-B, PCR genotyping with indicated corresponding primers also generated predicted new fragments (deletion) (Fig. 3d and e) and additional Insertions on the 5 0 -LTR/Gag (Fig. 3d) to various extent in all the tested gRNAs except for Gag-B gRNA, which exhibited very weak editing capacity (Fig. 3d) . However, all these combinations with weak or no deletion genotyping still showed dramatic reduction in Eco-HIV-eLuc reporter activity (Fig. 2c) . This might be attributed to none or only one of the two gRNA plasmids transfected into the same cells wherein the single gRNA remains highly effective in inducing small InDel mutation. Taken together, these data suggest that the Direct-PCR genotyping provide a reliable and fast tool to validate the presence of fragmental deletion and/or insertion. However, evaluation of the efficacious HIV-1 eradication by various gRNAs requires a combination of functional reduction by the virus reporter assay and proviral DNA fragmental excision by the 5 0 -LTR or 3 0 -LTR-directed PCR genotyping.
Validation of fragmental Insertion/deletion mutation by thymine-adenine-cloning and Sanger sequencing To further validate cleaving efficiency of SpCas9/gRNAs and examine the pattern of deletion/insertion mutation after cleavage, we selected three representative samples of PCR genotyping for thymine-adenine-cloning and Sanger sequencing. Paired expression of LTR-R/GagA caused a deletion of a 519-bp fragment between LTR-R and GagA target sites (Fig. 4a) . Co-expression of LTR-L/ GagD (Fig. 4b) and LTR-M/GagD (Fig. 4c) led to a deletion of a 772-bp or 763-bp fragment between each pair of target sites, respectively. Furthermore, they caused various extents or types of small InDels. In some cases, a large Insertion of additional sequences (e.g., 159-359 bp) was identified (Fig. 3b, Fig. 4b and c) . NCBI Blast analysis showed that these additional sequences derived from the exogenous vectors instead of endogenous host cellular genes. These results indicate that most of our candidate gRNAs can efficiently mediate targeted disruption of integrated HIV genome by either excision or insertion/ deletion.
Discussion
We demonstrated previously that multiplex gRNAs could induce a deletion of large fragments between the target sites [1] , which provides a reliable remedy to evaluate the DNA cleavage efficiency of Cas9/gRNAs. In this study, we further validated this proof of concept by screening various multiplexes of 26 gRNAs. We demonstrate that most of the designed gRNAs are highly effective at eradicating the predicted HIV-1 genome sequence between the two selected targeting sites leading to significant excision of HIV-1 reporter virus. In particular, a combination of viral structural gRNAs with one or two LTR gRNAs provided a much higher efficiency of genome eradication and an easier approach with Direct-PCR genotyping and high throughput reporter screening. The effectiveness and specificity of the gRNAs selected in this study for excising HIV-1 proviral DNA promise a success in the preclinical animal and clinical patient studies using Cas9/gRNA technology, because first, these gRNAs can serve as a ready-to-use selection source to develop viral and nonviral gene therapy; second, for individual HIV-1 patient, these gRNAs can be used as a master to screen new gRNAs designed specifically for any HIV-1 isolates despite high mutation rate of HIV-1; third, easy gRNA cloning, rapid reporter screening and reliable Direct-PCR genotyping provide a feasibility for practical application of Cas9/gRNAs to the personalized medicine.
Not all the designed gRNAs exhibit needed activities in cleaving the expected target sites. Several approaches have been developed thus far to evaluate the efficiency of genome editing induced by Cas9/gRNAs technology. Continuously improving computational programs for efficiency predictions have been tested using host cellular genomes as the design target [42] [43] [44] but may not be reliable for applying to the exogenous genomes such as infectious viruses. The Sanger sequencing of the target region via PCR cloning provides high sensitivity and specificity for determining genome editing efficiency [45] ; however, it is labor intensive for high-throughput screening. Mismatch-based Surveyor assay [46] [47] [48] and high resolution melt analysis [49] are sensitive to detect the small InDel mutations but the poor specificity makes them prone to produce false positive results. The restriction fragment length polymorphism assay requires the presence of a restriction enzyme site with the target region, which is limited in most cases [47] . Next generation sequencing provides a reliable and specific measure but is expensive and time consuming [50] . Recently, several PCR-based assays provide an easy and reliable method to quantify editing efficiency, but they require robust primer design, trace decomposition or capillary sequencer [51] [52] [53] . Here we established a fast, cost-effective and reliable screening platform to identify effective gRNAs using highly sensitive high-throughput bioluminescent reporter assay along with a fast Direct-PCR genotyping. The reporter assay relies on the eradication of large fragments between two gRNA target sites as well as the small InDel mutations at each gRNA site. The fragmental eradication abolishes promoter activity or reporter expression whereas the InDel mutations may change the promoter regulation or induce open read frame shift of viral proteins. All these events will subsequently affect the activity of the reporter. The PCR genotyping relies on the fragmental cleavage and efficient religation between the remaining end DNAs. The presence of the religated PCR fragments provides an affirmative evidence for efficiency of both gRNAs. The religation efficiency depends upon the cell dividing; thus, the PCR genotyping may be limited in the case of nondividing cells. In addition, the PCR condition for some primers needs optimization to achieve best efficiency of genotyping.
The objective of this study is to screen and identify the effective gRNAs by establishing reliable and sensitive high-throughput assays. We chose transient transfection of EcoHIV-eLuc reporter in HEK293T cells as a testing platform because a small amount of the reporter plasmid over SpCas9/gRNA components (1 : 20) can ensure the target cleavage in all the reporter-expressing cells and thus maximize the detection efficiency of luciferase reporter assay and PCR genotyping. In contrast, the EcoHIVeLuc stable cell line based on HEK293T cells (Fig. S2 and S3, http://links.lww.com/QAD/A896), which may be closer to the real situation of HIV-1 latency, showed a poor detection sensitivity in both luciferase reporter assay and PCR genotyping. This is because the EcoHIV-eLucexpressing cells without any gRNA plasmid always exist after transfection, and thus, eLuc reporter is constantly expressed, even while the transfection efficiency can be as high as 80-90%. Additional advantages of the transient reporter transfection include easy setup, cost-effective transfection and high-throughput luminescence measurement. Importantly, the identified gRNAs remain effective in the real HIV latently-infected cells or cell lines and can be further used for animal studies and clinical applications. Although the transiently transfected EcoHIV-eLuc reporter (episomal DNA) does not reflect the latent HIV proviral DNA in the host genome (nucleus), the SpCas9/gRNA-mediated gene editing works in a similar efficiency between episomal and nuclear DNA of HIV provirus [1] and other viruses [54, 55] . Furthermore, the effective cleavage of the episomal DNA in addition to integrated HIV-1 proviral DNA allows for a novel preventive treatment for new infection of HIV [1] and other infectious viruses [56] .
Some confounding factors may affect the transient transfection efficiency and transgene expression for the comparative analysis of different gRNAs. To minimize this, we have taken several precautions: first, we prepared a master mixture of the reporter and SpCas9 plasmids to ensure equal amount of these shared plasmids in each group of gRNAs; second, we used renilla luciferase reporter (1 : 100) for normalization of transfection efficiency; third, we performed a large scale of transfection in a 96-well plate for all the gRNAs in 4-6 replicates at the same time; and fourth, all the data were expressed as relative changes compared with the empty gRNA control in each experiment.
One gRNA targeting the LTR region may eliminate the entire proviral DNA because of the cleavage of both end LTRs but the eradication efficiency was not apparent as shown by the EcoHIV-eLuc reporter assay. It also requires long-range PCR to verify the eradication of entire HIV-1 proviral DNA because standard PCR with primers covering the LTR cannot distinguish 5 0 -LTR from 3 0 -LTR after deletion of a fragment between two LTR target sites [1] . Two gRNAs targeting LTR region induced fragmental cleavage within each LTR region that will suppress LTR promoter activity and reduce HIV-1 RNA stability, thus improving the entire eradication efficiency as we have demonstrated previously [1] . In this study, we tested a new proof of principle that any pair of gRNAs between the LTR and structural regions provides a better approach to evaluate HIV-1 eradication efficiency. By this method, the dramatic functional reduction in HIV-1 reporter virus production results from the three possible cleavages of 5 0 LTR þ Gag, Gag þ 3 0 LTR and both end LTRs and can be easily monitored by the sensitive and high-throughput bioluminescence reporter assay. These cleavages can be efficiently and reliably detected by the standard and fast Direct-PCR genotyping using primers covering the LTR and structural regions. Similarly, a cocktail of two LTR gRNAs and one or two structural gRNAs may provide an optimal and economical remedy to eradicate HIV-1 genome in the preclinical and clinical setting.
The potential for off-target effects involving the Cas9/ gRNA technology has been a big concern in the field of genome editing. Stringent gRNA design, functional screening and Cas9 technology modification have been developing to increase the specificity of genome editing. Very rare instances of off-target effects related to SpCas9/ gRNAs in cultured cells have been validated by wholegenome sequencing [1, [57] [58] [59] [60] . Newly developed unbiased profiling techniques further validate the high specificity of this SpCas9/gRNA system [61] [62] [63] . Invivo off-target is expected to be much lower because of epigenetic protection. In our study, the exogenous viral DNA was analyzed against the host genome for best score of efficiency and specificity. No cellular toxicity was observed during gRNA screening. Double SpCas9 nickases and RNA-guided FokI nucleases have shown to reduce potential off-target effects by up to 1500-fold [64] [65] [66] [67] . Utilizing the identified effective gRNAs in these two systems remain to be investigated.
In conclusion, most of the designed gRNAs are highly effective to eradicate the predicted HIV-1 genome sequence between selected two targeting sites and affect eLuc reporter activities. In particular, a combination of viral structural gRNAs with one or two LTR gRNAs provided a higher efficiency of genome eradication and an easier approach for PCR genotyping. The screening with HIV-1 eLuc reporter assay and Direct-PCR genotyping provides a reliable, rapid and convenient approach to screen effective HIV-1 gRNAs. This can be utilized to set up high-throughput gRNA library screen for any new HIV-1 isolates and other infectious viruses during new era of the personalized/precision medicine.
